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‘Serial Concatenated Trellis Coded Modulation with
Iterative Decoding: Design and Performance
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A/J.r(r[/(t-IH  this  palm, Me Prqrosc ti UOVCI n~elhod to dcsigij scria] colIculc-
nation of an oolcr convolutirmal  code  with  an iuucr Ircllis  code uilll  molli.
ICVCI an]plitudciphasc  modulations and a snitablc  bit-by-hit itcrtltivc rlccoding
struclurw.  Ihisling  two- and I))l)lli-di(t)cl)sio]i:il  TC31 schucs caunol  he uwd
directly iu scrinl crmcalcoalcd  ‘1’Chf,  a$ they lead to sohoptimom  pert’ormancc.
Ttwcforc,  a new input labeling mclhod  is proposed to co[ls(rod  ol~til]iuul
‘1’CM. I;xunlplts  urc givcu  for a Imndwidth clticicnry of 2 l)ils/scc/f I/ v ith
2 x81’SK oud lfQAhl  niodulation$.  luncr  trellis codes were dcsigtlcd specif-
ically for serially concatcnalcd  ‘1’Chf.  A simple iterative dwodcr  t’or scri:ll
coucatcuatcwf  I’(:hf is dcscrilmd.  ‘1’hc  pcrl(mmncc  of the code  using  2x81’SK
n)odolatioo  with a lwo-state inner code, fi-state outer code, and input Mock of
16384 bits  is wi(hiu ().85  dll  frou) lIIC Shaut,otl  Iinlio  ut a I,il  error prohuhilily  of
10 7 for 2 bits/scc/tlz. ‘J’his low complcrii(y  scritil ‘1’CNf outperforms parullcl
concatenated ‘1’ChT at ION bit error rates for the san]c  con)plmity. Its pcrfor-
rnancc is similar 10 more complex paralld  concatcualcd  “1’Cill clllptoyiug  t}{o
16-slate constituent codes.

1 .  lntrocluctiou

Trellis coded modulation (1’CM)  proposed by Lfngerbocck  in
1982 [ 1 ] is now a well-estahlishcd tccl}niquc in digital conlnluni-
cations. Since its first appearance, ‘1’Ch4 has gcncratcd  a contin-
uously growing inttmst,  concerning its theotctical f’(mndations  as
well as its numerous applications, spanning high-rate cligital trans-
mission ovct \wicc circuits, digital micmwavc  radio relay links,
and satellite cotllrllLlrlica[ic)tls. In cssencc,  it is a technique to ot>-
tain significant coding gains (3-6 dl~) saclificillg ncill]cf  da(a rate
nor bandwidth,

“~’llr’h  COCICS lC})lCSCllt  :1 rllOIC lWCl)t dCVC\OplllCllt i O the COdi 0:

rcse.arch fkki [2], which has raisecl a large interest in lhc coding
community. ‘l-hey art [xltalle[ cotlc[(fctl[tld c{~tligcjl{llic>}lftl codes
(PCCC)  whose encoder is f’orllled by two (or nlorc) cf~//.ific//c//f
systematic encoders joirrcd  through one or more intct-lcavm, ‘1’hc
input information bits fecci the first encoder and, afkr  having been
scrambled by the. intcrleavcr,  enter tl)e  sc.con(l encoder. A code-
word of a parallel concatenated code consists of the input bits 10
the first encoder followed by the pariiy cl~eck bits of both encoders.

‘1’hc suboptimrl I it~r:,tive decoding strLlct Llrc is Irlodular, and

consists of a set of concatenated clecoding modules, mm for each
Lxrnstitucnt code, connected through the same intcrlcavcr  used at
the encoder side. liach decoder perfoms  weighted soft dcco(l-
in.g of the input sequence. Rit error- probabilities as low as 10- “
at F;l, /iVO = --0.6 d]] have been shown by simulation [4] using
codes with rates a~ low as 1/15. Parallel conca(cnatcd  conw)lu-
ticmrl codes yield very large coding gains ( 10-11 dll) at the ex-
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pcnsc of a data rate reduction, or bandwidth increase. In [5] we
nvxgcd ‘1’CM and I’CCC. in order to obtain Iargc cocling gylins ancl
high bandwidtl]  efficiency. In this paper we sLiggest to merge  TCM
with the recently discovered serial concatenated codes (SCCC) [6],
adapting the concept of iterative decoding Llsed i n parallel conczrtc-
natcd codes. We no[c that the pro~mcd  serial concatenated coding
schclnr difkis from “classical” concatenated coding systems. In
the classical schcrnc the role of the intcrleavcr  between the two
encoders is just to separate bursts of el-rors produced by the inner
dccodcr,  and no attcnlp[  is made to consicfcr  the combination of the
two cncodcrs  and the intcrleaver  as a single entity. I’bus, the idea
bcllind  the rcccnt serial schcmcs  is new since wc want to corlstruct
and optirnim the whole ser-ial structu  t-e, No sLIch atttmpt was made
in the past for two reasons. I;irst,  optin~i~,ir~g  the overall code with
large dctcrtninistic interlcavers  was prohibitively complex. How-
ever, by intl-educing the concept of utli~hl-t]! itlferlea}vr [3] it is
possible to draw some criteria to optirnizc  the component codes for
the c~mstluc[ion of’ powcl-ful  serial concatenated cocles with large
block si~c. Sccxmd,  optimum decoding of such complex codes is
practically  ill~possible. Only the u$c of Suboptimurn  iterative de-
coding mcthois  makes it possible to decode sLIch complex  codes.
In tile following, we will call the concatenation of’ an outer con-
volutional C(XIC with an inner ‘1’CM a set-iall)  cotwa!etlafcd  7’CM
(S(:l’Chl).

liw parallel conca[cnattxt trellis codeci modulation (PC’lCM),
also addt-essed a~ “turbo ‘l’CM”, a first at(empt employing the so-
cal Icd “pragn}at ic” approach to ‘1’CM was clcsct-ibed in [7]. I.ater,
turb[) codes were crnbcdded in rnult i level codes with multistage
decoding [81. Ik’cnt[  y, punctured versions of Llngcrboeck  codes
V,’CIC LIscci to construct turbo codes for 8PSK rnoclulation [9]. In [5]
wc pqmsed  a ncw solution to I)C’l’CM with multilevel arnpli-
tude/phase modulations, and a suitable bit-by-bit iterative decocl-
ing strLtNLlt’e. }’re]inlinary  It. XLrltS [5] showed that the perfOrlllanCe
of tllc proposed codes is within I d[l from the Shannon limit at bit
er IOI- pr~)babilities of 10-7.

Iti [5 I we proposed to use for PC’1’CM two rate & systematic
recursive convolutional codes in pmalicl. ‘1’hc least significant out-
put bit of each encoder reprcscats the parity bit, I;or each encoder
only the (/) + I ) ieast significant output bits are mapped to a 21’+ 1-
point constellation (representing the rnodukrtion).  ‘l’he basic sh-uc-
tule of parallel concatenated trellis cocicd modulation is shown in
I;ig. I. ‘[’his  nwthod  requires at least two intcrleavcrs. The first
intcrtcavcr  ml pc[rrlutcs  the b Icmt significant input bit streams.
“1’hc output of fil”st in(crkavcr is connected to the b most signifi-
cant input bits of’ the second cnmdet. ‘1 ‘he second intcrleaver  JL2
pcr[)luies  (l)c /) Illost significant input bit streams. I’he output of
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second inkrlcawx is umncc[c(l  ttr the 1) Icast significant input hits
of the second cncodcr.

lkrr MPSK (or MQAM)  we use 20’1 1’SK symbols (or 2“ } i
QAM symbols) pcr encoder to acbievc a bandwid(b efficiency of’
b bits/see/Hz. (b bits per modulation symbol). lkrr M-QAM we
can ~,]so ll~e 21’+ 1 ]cv~]s in the I-cbanncl and 2“ 11 ]~vcls ill tllC

Q-cbannct,  to achieve an ct’ficiency  ot’2b bits/sec/kI~,  ‘1’lle design
metkrd wc are proposing for SC’1’Chl  is difl’crcnt  1’K)II)  the one
proposed lo] I’C’l’Chf [5].
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[’lg. I. Block lji:lglalll of (ho [kokr  (’OI t):u~dlcl (onca(mi[cd  TIcIII.  COW
Modul:dion

11. Serial Concatenated Trellis Codd hlodulation
‘1’he basic structure  of serially concatenated trellis coded nKMl-

ulaticm is shown in };i.g. 2. Wc pmposc  a novel nwtbod  to design
serial concatenate.d ‘l’CM, which achieves b bits/sec/tl~, using a
rate 21~/(2b -I I ) non-recursive binary cot~~~olllti(~r]ill” encoder will]
maximun~ t’ree Hamming distance as the outer cmie. An in[cr-
leaver 2r permutes the output of tk outer code. ‘1’hc intc.rlcaved
data enters a rate (2I) -}- 1)/(2/)  + 2) recursive convolutional inne[-
encock.  ‘1’hc 2b + 2 oulput bits arc then mapped to two syn-
bols each belonging to a 2“’ ) level modulation (four dilmnsional
modulation). In this way, wc ale using 2/) in fornultion  bits for
evet-y two modulation symbol intervals, resulting in b bit/scc/11~,
tl-ansmission  (when ideal Nyquist puke shaping is used) o(, in
other words,  /) bits per modulation symbol. l’bc inner code and
the mapping will bc jointly optimized based on maximi~ing tbc
efl’ectivc free }~uclidean clistance of the inner l’Ch4. in the serial
case, however, the inputs to tbe inner code at-e not unconstrained
bits as in (be PC’1’CM,  ancl thus the design methodology must bc
dit’lercnt. Since the invention of ‘1’CM by LJngcdmeck  in 1982,

there have been nu memus papers on the design oft wo- and [nult i-
dinmlsional ‘1’CM. ~Jnf’ortunatc!y, wc cannot LISC tbe conventional
I’CM designs for sel-ial or pamllct concatenated ‘1’CM,  even if the
structure of the enccrder has a fccdkk as fm cmvcnti(mal ‘1’CM.
There are two main reasons:

1. ‘1’hc first condition to be satisfic(i  t’(M the inner encoder in se-
rial ‘1’CM is that the }luclidean  distance ofencodcd sequences
bc very large for input sc.qLIcnccs  having }Iamtning distance
cqLIal to 1. “J’his may not be satisfied even if tlm encoder
structure of conventional ‘1’Ch4 has t’ccdback, In conventional
I’CM, in fact, part oftbe input bits remain uncodcd,  “1’hcsc  bits
select a point from  a sl]bcol]slcl[:ltioll” (COSC[) whictl,  in turn,

has been cboscn  accordi t~g to the encodecl Kits. The con~hi-
natirrn of’ mdcd and LIncodcd  bits is mapped to two or higher
dimensional nwdulatirm. [)nc coLlld think of using ccmven-
tional “1’Ch4  without parallel brancbes, but this requires that
the number of states be greater tbarr the number of transitions
pcr state, and this, in turn, prevents the use of simple codes
with srna[l nurnbei- of states.

2. fklr the design of conventional I’CM, the assignment of input
Iabcls does not play an important role, since it has a small
in)pact on tbc bit cttmr probability. As a consequence, [be
input Iabcls awignmc.nt  was typically arbitrary. Ikw tbe design
of SC’I’CM (and also for Pr3’CM), on the opposite, tbe input
label assignment is crucial, as we will see in tbc following.

A. ])csign Criteria for Serially Concatcnatd  ‘1’Chl

It can be shown that the dominant tcm in tbe transfer function
bound on bit erlmr pl-obability of serially concatcnatccl I’CM, en-
ploying an oute[- code with free }Iarnming  distance d“~, avcragcct
o~cr all possible intcrleavers of size A’ bits, is proporticrnal for large
h’ to

N- L([r; + 1)/2Jc- d’(l!/4~c)

where  1.KJ rcprcsen(s  tlm integer part ofl. and

‘lhc par-a llwtcr d,,,, is the cjjcli~k’ floe Euclidmtl di.slcillce of tbe
inner code (to bc defined in the following). h$;) is tbe minimum
Ii]clidcan distance of inner code sequences generatcct  by inpLlt
scqucnws  with hamming distance 3, and 1~, /N(, is tbe M-at-y
synlbol  signal-to-noise  ratio.

I’lcvious results were valid for vel-y large N. On tbe other hand,
for large values  of the signal-to-noise  Iatio E, /N,), tbc performance
of SC’1’Ch4  is dominated by

N- (f,,, (hm)-  1)[,- h:, (/:,/%)

whet-c /1,1,  is the n~inirnurn lkclidcan  distance of tbe SC7’CM
scbenm, and 1,,,  (h,,,) is tbe n~inirnum  Hamming distance between
input squcnccs  to ttlc inner ‘1’CM encoder producing h,),. We note
that 1,,,  (h,), ) ~ (/;.

IIascd on the above results, tbc design criterion for serially con-
catenated “ICM for large in(crleavcrs and very low bit error rates
is to rnaxinliz,c the t’rcc }Iamming  distance 0{ the outer code, to
acbicve interleaving gain, ancl to maximi7e the effective free llu -
clidcan distance of the inner ‘1’CM code.

1,ct z, be the binary input sequence to the inner ‘1’CM code, ancl
x(z) bc tbc Cot”rcsponding  innc.r  ‘1’CM encoder output with M-ary
sylllbols. ‘1’hc  criteria prcrposcci for designing and selecting the
constituent inner ‘1’Chf encoder are the following:

1. Iksign  tbc constituent inner “1’CM cncmler  for a given two
or r]llllti(litllcl]sior]:ll  modulation such that the minimum Ii!-
clidcan distance d(, r(z), x(z’))  over all z, z’ pairs, z # z’, is
nlaxilnited,  given that tbc lIamn\ing distance d)l (z, z’) = 2.
Wc call tl]is nlininlurn  Ihcli(lcan  distance the e/&ctil,e  free
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/;r{c/idm}r di.!fa~lm of the inner l’Ch’l code and dcn(~tc il si nl-
ply by (1,,,,.

2, If the Irecdistance of the oulercoded;  is odd, then, among lhc
selected inncrrl’CM encoders, choose those that have the n~ax-
imum liuclidean dis[irnce  d(.x(z),  l-(?’))  over all z, z’ pairs,
z # z’, given that the Hamming dislance  d//(z,  x’) = 3. We
call this the minimum liuclidean (iislance of tile inner ‘1’CM
cmie duc to input Hmming ciistance 3, and denole it by Ii!;).

3. Among tile canciiciate cnccxicrs, sc]cct tile one titat has titc
largest minimum liuciidcan ciistance, in enco(icci sequences
prmiuccci by input scquenccs  witil Hamming (iistance d~. Wc
cicnotc tilis minimutn Iiucii(ican ciistance of tile SC’1’CM cmie
by h,,,.

One may ask wily we cat”e ahou( scqucnccs  witil }lall~n~ing  (iis-
[ances ot’2 or 3 at the input ofttte ‘1’CM encoder if tile free IIamlning
distance  d; of tile outer cocie is iargct tim 2 or even 3. ‘1’i]c answer
is ti]at tile interleaving gain at imv SNR depends on the number of
error events tilat a ixlir 01 iniwt stxiuenccs generate in tile tt-ciiis of
the inner code. l:or a given input tlamnling distance, tllc Iargcr is
the number of error events ti~c smaiier  tile intcl icaving  gain wiii
bc. g’bus, for exami)lc, if’ d~=4 the Iargcst  number of’ el’r’or events
is 2 (two events with an input }lamn~in:: (iistancc of 2 eacil).

1~. hlaI)pillg (output Iabcls) for lCM

As soon as tile input iabcis atlci outi)Llt  signais arc assigned to tile
ecigcs of’ a trdiis  we imvc a complctc cicscription  of a l’Chf cwic.
q’hc seicction of tile mapi~ing  (outimt iabcis) ciocs not cimge tile
trellis code; hmvcvcl-, it influences the encoder circa it rcciuircxi  to
impiement  [he ‘1’CM  scilcmc. A convenient maiq)ing  sitoui(i bc
sclectc(i  to simpiily tile encocier cil-cuit an(i,  it possihlc, to yicici a
linear circuit tim( can be in~plcmente(i with exciusivc 01<s. ‘1’hc set
partilionitlg oftilc cmsteilation  and tlw assignment [)lccjllslcll:ltiorl
points to treiiis eciges, mi tile successive awignnvmts  of inimt
iabcls to the cclgcs arc important. Ungcrbmck [ i ] proposcci a
mapping caiicd I/la/~pittg b} .wl /x~rli[ionillg, ieacii ng to naturai
mai?ping. “J’llis mapping to] two dilllensional nlodulati(m is useful
if onc sciccts tile ‘1’Chl sci]cmc by searching alnong aii cnc(xlct-
circuits that nlaximim tile minilnunl Iilcli(ican ciistancc.

C. Iksign  Method for Inner “1’Ch4

~’ilc prmposcd  cicsign method is basec[ on tile foiimving  steps:
I. ‘1’hc wcii known scl pat-tit ioning  tccilniqucs Itw nluili(iinlct]-

sionai signal sets at-e used (see for cxampic  I 10] and tile l-cJ-
erenccs  ti~erein).

2. Ti]c input iabcls assignment is based on tile codewords of
the parity cilcck cmic (2/1 + i, 2b, 2) and its set partition-
ing, to maximi~c tile quantities ciescribcci in subsection A.
“1’hc irssi~nmcnt  of codcwot-cis of tile pwity ciicck co[ie to
the 4-clinlcnsional  signai points is not at-bittary. Wc would
like srmchmv to rdatc ti)c }lalnming [iistance bctwccn input
iabcis to ti~c Iluciicican  ciistance bctwccn c<wcspon(iing  4-
dimcnsionai  signai  points, un(icr the constl-ain[ that the nlitl-
imum Hamming distance between input iai>cis ibr pat-ailcl
transitions bc c(iuai to 2. We propose titc foiimving mctilod
for the input iabcl assignment: Assign titc /~ most significant
bits of tile cocicwords to tile first constcilatioa witil 2“ t 1 imints

as tile h most significant bits of the Clray code mapping; Usc
the same assignment for tile b ic;~st significant bits of the co(ic
w(JKis; “1’lw micidie bit in the codcwmrcis rqrescnts  the overall
pal-ity ci)cck bit.

3. A sul’licicnt con(iition to have very iargc output lhrciicican
ciistances  for input scqucnccs  witil Hamming clistancc i, is
that aii input Iabeis to cacil skrtc be ciistinct.

4. Assign ixlir of inimt iabcis irn(i 4-din~cnsional  signai  points
to ti]c e(igcs of a trcliis ciingram  bnsc(i on the cicsign criteria
in subsection A.

‘It) iiiustratc tile (icsign mctilmioiogy \vc cicvciopcd tile foliowing
exami~les.

/). l;xatnpics  of the l)csign Nlcthoclo]ogy
l{~clj~ll)lc 1: SC( p[lttitiwitr~  o f  2  x  8PSK  [IIKI it]p[tf k(bel.r o.s-
.\i:}ll~lcJj(. I.c( tile cigilt phase signals ( ciri/4;  i = (), . . . . 7) of
81’SK bc cicnotcd by ((), 1,2, 3,4,5,6, 7). Consicier  tile 2x8PSK
signai  set A(,,()  = [((), 0), ((), 4), (2, 2), (2, 6), (6, 2), (6, 6), (4, O),
(4, 4)] iin(i tile foilmving sets ccmstructeci from Ao,o  as: A0,2 =
A(,,{)+  ((), 2) ,  //0 = AOOUAOZ,  II] == }10+  (0, i), f~z = ~~O+(i, i),

/\J == I\() + (1, ()), wbcrt a(idition  is cotll~~ollellt-wise rnociuio 8.
li)r  unit miius  til’SK constcilation, tile nlinirnum intra-set s[iuare
lkcii(ican  distance of B, is 2. ‘1’ile  rninirnum  inter-set square Iir-
ciidean ciislances  ilrC dz(Bo, Bz) =, dz(l~i, Bf) = I. 17. l’he other
minilnum inter-set ciistanccs  arc 0.586.  Sciect the input iabei set
f.[~ zis cmiewotds  of the (5, 4, 2) parity check cocic. Using tbc
nlcIho(i  for ti~c input iabci assignment prescnte(i irbovc, we obtain
tile awignnlent  of I.(I to B(,. “1’ilis awignmcnt has been obtained by
t))iipping  ti~c first an(i iasl 2 bits of input Iabcis to ti)c 8PSK signais
as {( K), 0(),()1,  OI, il, II, IO, 10] =} {0, i  ,2 ,3 ,4,5,6,7) .  USC

the same or(icr an(i assign f,. to l\3. ‘J’be input iabcl SCI 1,1 is
awigncd to }/1, and 1{2, where f, I = l.O -t (O, O, 1, 0, 0) moduio
2 :wcordi ng to t be above ciiscusscd rule. “J’his  guarantees that tile
minimum intra-set }Iamrning  ciistanccs  of input Iabcis for each set
1/, is 2. Assign (l.(}, /10), (I.l, /12) to tile first state, iind (1,1, }{1),

(/0, IIJ) to tile smwnd state (each pair of input iabei-cmrtput signai
is awignc(i to tile imrailei  e(igcs)  suci) that d~l( is maximum and,
if possibic, /1~,~1  = cm. ‘1’hc  same methmi  is L]sc(i for the 4-state
trciiis structure, lbr 8 and 16-state treliis, wc have to partition
/;(, into A(),(I  and A02 to obtain Iargcr  intra and inter distances,
an(i the input iabcl l.() is pat-t itimcci into f,m) (codewords of l.O
witil b~=())  and l.] j (codewords 01 1.0 with bl= i ), witi~ similar
pal”litioning for the oti]cr inimt iabcis and renlaining signai sets.
}Icrc bl represents the midciic bit of the (5-bit) input label. }Iaving
(ie[crrllincd  tile Itclli.r code  by its input labeis and 4-dinlensicrnai
Outimt signais, tile encmier structul”e that generates this treliis code
~ilo tilcn  bc obtained by scicct i ng any appropriate binary output
iabcls for’ tile 4-dinlensionai  output signais (We used the reorxicred
mai>ping dcscribc(i in [5] ). ‘i’ilc trutil tabic rc(iuircci to implement
tile cncodci- can bc easily obtained, and it is not reproc]uced here
for brevity. }:rom this tl-uti~ ti~bl~ we crbtaiocci tile 2-state inner
trcliis cncocicr structure shown in I;ig. 3(a), I;or ti]is 2-state inner
LXKlC, d,~.ll = 1.76, hj,;) = m, an(i h:, = 2. ‘1’ile mrtcr cocie for
tile simuia[ions has been sclcctcci as an 8-state, rate 4/5, nonrecur-
sivc cot~~c)lllti(~r~:li cocic with a’; =: 3. Since h},:) = m then d; is
increased effectively to 4.
Iiwt!)y)lc  2: Set lx[tti(iottittg  OJ 16QAM (ltid  ityjl{t labels  a.vsigtl-
~~lctlf. lW this construction wc set b = 1. ‘1’hc  number of points
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in. the 16QAM cons[cllation  is 2q” } z = I 6, and Ihas we obtain
an SC’1’Chl  with bandwidth ctlicicncy of’ 2 bits/see/I Iz. I .Ct
the amplilades In each ditnension of’ (Iw 16QAM constellation
be clcnotcd by (0, 1,2, 3). Comsidcl  (IIC signal set A(l,{j  =
[(0, 0), (0, 2), (2, O), (2, 2)] and the Iollowing sets conslruckd lMNII
Ao,(, W: Al,l  == A[),()  -i (1. l), A() , l = Ao,() + (O, l), Al,()  ==
Ao,{) + ( ] , ()), “1’his  is ptccisc]y the  set partitionil)g  adoplcd  b y
Ungerbocck  for 16QAM. I;or unit powct- 16QAM constellation.
the n~inimum intmsct  sqaarc Iklidean distance of’ e:l~h set Ai, /

is I .6. lhc nlinimum inter-set sqam Iilclidcan  distances al-e, in-
stead, d2(Ao,(),  A 1, ~ ) == d2(A(,,l,  A 1,())  = 0.8. ‘1’bc other n~inimum
intcrdistances  are 0.4. Select the input label set fJO as c(dcw’ords
of’ the (3, 2, 2) parity check code. Assign these. codewords to the
sets A(),(J,  and A l,(). ‘f’his WIS done based on the inpLlt Iabcltng

F:Ig.  3. Op[illlull]  2-sliItc  i

● x *

‘Yo ‘

(a) (b)

:r[lclli~  CIICO(ICI  fot S[’1 [’AI (a) 2xtit’SK, (t}) 16QAh4

method described :tbovc, by mapping the MS]] and the 1.S11 of
the 3-bit input labels to the 4 ampli[odc  Icwls pci dimension of

the 16QAM points as {0, O, 1, I ) => {0, 1, 2, 3). ‘1’hc  inpat label
set 1., is assigned to A I, I , and A(,,l, where 1. I =. l.() + ([), 1, O)
modulo 2. ‘1’his guarantees that tbc nlininlun] }Iamming distances
rrf input labels is 2 for CaCh set Ai,l.  Assign ([w, Ao()),  (1. ] , Aj, i),
to the first state, and (l.l, A(), 1 ), (/,(), A l,(j) to tllc second state, such
that d~,( is maximum, and, if’ possible, /l$,j) = m. A similar design
method was llSCd  for the 4-state trellis slt-uclarc. I:or 8 and I 6-stale
trellises, wc have to partilion A(),() into [ ((), ()),  (2, 2)] and A 1, I into
[ ((), 2), (2, 0)] to obtain larger intta and inter-set distances, and tbc
input label l.() into I,w) (codewmds  of’ l.[j with l~t == O) and 1, I I

(codewords of ~.o with bt = 1), with a sitnilar pat’titioning  for the
other input Iabcls and remaining signal sets. 1 lCIC too bl is the n~id-
dlc bit of the input label. I1aving (iclerlnincd the code by its inpul
labels and 2-dinlcnsiona! output signals, tlw enc(dcr  slt-uctut’e  is
then defined by selecting any appropriate binal”y  OLItpUI  labels for
the 2-dinlcnsional  output signals (we used the natural mapping pcr
dimension of’ 16QAM ). ‘1’hc  il~~j~fcll~ctlt:lti(~t~  of the 2-state inner
trellis encoder is shown in I:ig. 3(b). l;or this 2-state inner code,
d~,,,= l.2 and h!,;)  = 00.  For the simulations, a I ~kstalc, r:itc 2/3,
nonrccursive  convolutional code with d; = 5 has been sclectc(f as
an crLllet  code.

111. I{it-by-liit ltcrativc lkcoding  of Serially Concatenated
Trellis Coded hlodulation

‘1’bc iterative dccodcrforscrially  concatenated trellis cocfed nlocl-
ulation uses a generalized 1.og-Al’P  (:1-postcriori  probability) dc-
codcr modlllc with four’  por[s,  called S1S0 A}’]’  module or sitnpiy

SIS() [ I I]. ‘1’he  block diagram of the iterative decoder for seria\
conc;l(cnatcd ‘1’C’NI is shown  in f~ig. 4 . We brieffy de.scribe tbc

L--..–

I;lg  4. ttcl:t(ivc  dccodcr  for wridly  concotcnakd trclti~  cdxl nmdulation

S1S0 algolitl]m for the inner ‘1’CM code and oatcr convolutional
code, using the trellis section shown in l;ig 5. Consider an inner
‘1’Ch4 code with /~1 input bits and ql nonbinwy complex  OUtpLlt

symbols with nmunaliz,cd  unit powcI-, and an oLltcr  code with p2

inpLtt  bits and q2  binary oatpats {0, I). 1 et Uk(c) represent I{k,i(e);
i =- 1, 2, . . . . p,), the input bits on a trellis edge at time k (w = I
fot- the inner ‘1’Chl, and ttl = 2 for the outer code), and let cL(e)
t eprcsent  (’~,; (c); i = 1, 2, . . . . q,,l thC OLltpLlt s~tl]b~ls (//1 = I for

the inner ‘1’Ch4,  with nonbinary complex symbols, ancl t)l = 2 for
the outer code with binary {0, I ) symbols).

I I

Start state
for edge (’

\

~l:(c)

\
End state

for edge d

Fig. S. I’tclli, Sulit)n

Ikline  the reliability of a bit Z taking values (O, I } at time k as

‘1’he second algatnent  in the brackets, shown as a dot, may represent
1, the input, ot” 0, the OLl[pLlt,  to the Slso. We use the following
idcnti[y

1,

(/ =- log[~ (“”] = nlax{~ll } + 15’(fl] , . . . . ({[,  ) Q IllllX*{f/;)
i i,, I

V.,tltrc  J(al, . . . . al, ) is the cmcction  term which can be con-
pate’d using  a ]ook-up  table. lior more detail see [ ] 2] and its ref-
elenccs natllbcr 25, 26, 31, and the rcfcrcnce  in footnote I. W e
define the “max”” operation as a nlaxitnimtion (conlpare/select)
plus a correction term (lmkLIp  table). Small dcgraclaticms occur
il the “nlax*” operation is repfacccl by “max”. I’hc received con-
plex salllples {~~,i } at the output Of the rCCClVt2r  matched filter arc

norl]lali/ed  such that additive complex noise samples have unit
variance pet  dimension.
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A.. ‘lhc  S1S0 Algorithm for the ]nncr TCN1

‘1’be fomwd and lhe baduwd  recursions arc:

if 1

Lll(s)  = nKlx*  {Q’. [[s’s(e)] i ~ lIL,; (C) AL IUL,,: I ]
c ,\ J (c): .$

j, I
q I

+ ~j.kick,;(c);  l]) -i 11(,,

i: I

for all states s, anti k = i, . . . . ()/ - 1), where }1 rcpIcsents tim

tokri numhcr of treiiis sleps  frml] tiw initiai state  to tim  finai stale.

I’hc ex(titt.fic  bit it]fcjr)twtim] Sot- UL, I; j = 1, 2. ... p I C: III bc

oktineci  from:

r‘ ~
it&,where  i~[C’~,j(C);  /1 ‘= -  l}’k, i -  \ N,, ~L,i(C)l /2. we :IWUIIIC Ibc

initiai anti  lilt finai states of tile inner cncmict-  (as wcii as tile oulcr
encode(.) atc (lie all mm s[atc, l;orwafd Iccursi{ms stal 1 \villt initial

vaiues,  cro(s) = (), i fs == O (initilli  mo slalc) mi crO(.f)  = - m,

if s # O. ]}ackward  rccumions start with fi,, (,s) =- (), if s == ()
(finai Zero state) anti I’?,, (.\) = --co, it’s # (). ‘1’he hti, an(i /lfi, ate
nrmnaiixation  c(mstdnts  whicil,  in tiw i)ardwarc i[lli)lcl)]ctlt:lti[)[)  01
tbe S1S0, are useci to i~revent buffer  overflow. ‘1’ilcsc operations
are similar to the Vitclbi aigorithm  LISLXI in tile Iorward an(i back-
war(i directions, except for a correction term tim( is aci~ic~i wi]cn
compare-sciect  operations are pcrlorn~c~i. At ti~e first iteration ail
AA [ Uh,i;  /] are ~ero. After tile first iteration, tiw inner S1S0 ac-
cepts the extl-insics from the outer S1S0, through tllc intcrlcavm
n, as reiiabiiitics of itlput bits of ‘1’CM cncmicr, an(i tile externai
observations from ti~c channel. ‘1’hc  innci S1S() LIses  ti)c inpLlt

reliabilities ami observations for ti~c calculation of’ new cxtrinsics
& (Uh,,; O) for the input bits. “1’hese are then imvidcd  to tim outcl
SISO nmiuic,  tbroug,i] tile (icintcrlcaver  7r J.

ii. The S1S0 Algorithm for the Outer Code

‘1’hc,fc~r}iwwl  and ti]c bc{ckwvrd recursions are:

1{/
+ /lL[.Y’; (e)])

with initial ~wiucs,  UO(.T) = (), if ,r = () anti so(s)  = –cm, if
s # (), an(i fl,, (s) = (), if s = () an(i H,,(s) = –cm, if s #
~)1 wllcr~ II’,* an~i hfll arc Ilorlll:liiz,ati(lll constants whicil, in tile
ilardwarc illll>lcll~c[ll:ltiotl of the S1S0, arc useci to prevent the
buft’cl’ ovcr(lm’.

‘1’hc final decision is obtaitmi from ti~c bit rciiabiiity computation
of(JA,,; j= 1 ,2,..., pl, pnwin~, it through a hard limiter, as

(/2

). A([IL, I; o) = Inax’ {Q’k. 1[.~’’(C)] ‘1 ~CA,,(C)~L[C’A,l;  J]
C.((* ,((,  )= J 1: I

+OLIS’”’( (’)]}

+ Rk[s’’’(  e)]]
‘1’hc  outer S1S0 accci]ts  tile extrinsic fronl  tile inner S1S0 as irk
put rc’iiabiiilics  of co(icd bits of [he outer encoder. ~;or the outer
S1S[) tilcrc is no extcrnai observation from tile cbannei. l’hc  outer
S1S0 uscs tile input rciiabiiitics for calculation of new extrinsic
}.L ((L,,;  ()) for cmiui  bits. “1’hesc arc ti~ca pro~ride(i  to tile inner
Sls[)  nK)dLrle.

IV. Sil~l(lIatio]l  of Serial Collcatellatcd  lYcllis Coded
Nlodulation with Ikrativc  I)ccoding

in tl]is section the sinluialicm results for scriai concatenated
‘I’CM,  witi12  x  81’SKan(i i6QAMar eiwescntc(i.  Fcrr  SCTCM
w’itil 2 x Xl’SK,  the outer code is a rate 4/5, fl-state rmnrccursive
c(~rl}’oillti(lrl:lic ilco(icrw’itilc[~” = 3,andtiu3inncr codcistile 2-state
‘1’Chl (iesigncd for 2 x 8PSK in section II. The bit cmr probability
vs. nurnbcr  of iterations for’ valious bit signai-to-rroisc ratios is
siIow,II  in l~ig. 6. ‘1’i)c hit error imbabiiity  vs. bit signai-tcr-rroisc
ratio L’l, /iV,, for vwious nurnbcrs  of iterations is shown in I~ig. 7.
‘1’bis cxanlplc dc.monstrates  tbe power an(i banciwi(iti]  efficiency of
SC’1’Chf,  in ixtrticu]ar  at low bit crwr rates,

l;(~rcorl~l>:llisorl” witi~ paraliei cot]catcr~atccl rI’CM,  wcccmsicier
ti]c[>crlorltt:lr)cc  oftbc2  bits/sec/11~1’C’l’CM with 8PSKandrc-
ol(ierc(i nlai>ping  iwoposeci in [51. l’hc code has b = 2, and en~-
il]()ys  8})SKrll()(lLll;lti() llirlcollrlectiorl  \\,itiltw,(J i6-state, rate 4/5
cot~stitllcr~tco[ics.” ~`wor:ir~(lotl~ intcrlea\ers,e:  tct~ofsi z,c8l92bits
\vcrc uscci (totai input biock of 16384), “1’ilc bit error probability
pcr forlnancc of’ tile selected cmic is silown in Fig. 8.

SC’I’Chl  simulations arc for i6QAM at 2 bits/sec/H~.,  where
the outer cmlc is a rate 2/3, lo-state nonrecursivc  convoiuticrnai
cmicwitild; = 5,ar~(l tilcir~rler co(lcis  tile 2-st:itc  'l`CMdesigncd
for i(KJAN4  inscc(ion  li. rl’hcbit  el-mrprobabiiit yvs. numbercrf
iterations for v:lrioLls  bit signai-to-noise ratios is shown in I~ig. 9.
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